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Abstract
Three-Roll-Push-Bending is a highly flexible manufacturing process for the production of 3-dimensional free-form bent tubes. In 
the scope of this paper the process behavior for the manufacturing of 3-dimensional geometries is investigated. A FE model which 
considers all of the relevant influences, suc has been developed.
A variant simulation investigating the impact of the process parameters on the shape of the resulting helical structures has been 
carried out. This allows a methodical process design for the manufacturing of 3-dimensional free-form geometries.
© 2013 The Authors. Published by Elsevier B.V.
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1. Introduction
Modern free-form bending processes are production 
methods which suite the increasing demands to create
complex bending geometries. In contrast to bending
geometries manufactured by common tool-bound
bending process, such free-form geometries can have 
curvature and torsion distributions which can vary 
continuously over the longitudinal axis of the part.
Complex shaped tubes are required in various fields of 
application as for example in the automotive industry or 
in modern architecture and design. Those tubes and
profiles can be used for the transport of media or as
structural components. Free-form geometries allow a
more efficient saturation of the construction space and
more freedom in construction while production cycles
can be increasingly shortened. Furthermore, tool costs
can be reduced significantly as the forming is done
kinematically and only one tool set is needed for a given
tube diameter.
Three-roll-push-bending is one of such processes,
capable of manufacturing 3-dimensional free-form 
geometries. In this process, a tube is clamped by a collet 
at the front of a feeding arm and is pushed through a
bending die consisting of rolls. In 2-dimensional bending
the curvature is determined by the position of the setting
roll in relation to the other rolls, namely the bending roll
and the holding rolls (Fig. 1). For stability reasons, two 
holding rolls are applied usually. An increasing infeed of 
the setting roll results in a higher bending moment and a 
smaller corresponding bending radius. After a bending
operation the bending die can be opened and the tube
can be rotated by the feeding arm resulting in a rotation 
of the bending plane for the subsequent bending
operation. A rotation of the feeding arm during the
feeding movement leads to a torque load on the tube by 
which 3-dimensional helical structures can be realized.
Fig. 1. Bending die of a 3-roll-push-bending machine
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But, the process design is very complex as there are 
many influences to be considered. Due to the 
incremental nature of the process, there is no possibility 
to measure and adjust a manufactured part within the 
same process strep if it does not comply with the given 
tolerances. So, an exact process design based on a 
precise prediction of the part geometry is highly 
desirable.  
To carry out a methodological process design for 2-
dimensional bends a characteristic map had to be 
determined, describing the corresponding bending radius 
for each setting roll position [1]. Using this, the suitable 
process parameters can be retrieved for every bent 
section prior to production by doing a backward search.  
For 2-dimensional bends several numerical and 
analytical process models have been developed in recent 
years. Gerlach [2] developed an FE-model in Abaqus for 
the rectangular cross-sections with rigid tool design. 
Hagenah et al. [1] implemented an FE model for circular 
cross-sections which considered the deflection of the 
rolls. The calculations were solved by explicit 
computation. The model has been validated and showed 
a good agreement with experimental results. The 
deviation of the measured bending radius was below 3% 
within the range of 80 mm to 200 mm [1]. Merklein et 
al. [3] showed that an exact prediction becomes more 
difficult for larger bending radii, as inhomogeneous 
material properties caused by batch variations play an 
important role. Here, the elastic part of the deflection 
dominates, so even slightly different flow behavior can 
cause a high scatter of the curvature after spring back. 
An FE model for the related three-roll-bending process 
was set up in Ansys v11 by Selvaggio et al. [4]. 
Analytical approaches to calculate the deflection as 
well as the spring back for rectangular profiles have 
been presented by Gerlach [2]. There, the material model 
by Ludwik was used. Engel et al. [5] established a model 
for circular tubes. The determination of the moment-
curvature relationship using the stress-strain law by 
Swift was carried out using numerical investigations. 
Further analytical reflections about the bending behavior 
of tubes under the load of a pure bending moment can be 
found in the works of Al-Qureshi [6]. Here, an elastic 
ideal-plastic stress-strain relationship according to 
Prandtl-Reuß was applied. The influence of axial loads 
as they appear at the three-roll-push-bending process is 
taken into account in the contribution by Yu et al. [7]. 
For 3-dimensional bending the effect of the feeding 
arm rotation has to be considered additionally. A 
systematic approach for this has been presented based on 
experiments by Plettke et al. [8]. In this work the 
correlati
the tube was shown. A methodology was presented to 
measure and describe the geometry of helical shaped 
components as well as to determine a characteristic map 
holding the process behavior in the 3-dimensional case. 
This relation was expressed by the torsion adjustment 
coefficient  
 
where B denotes the rotation angle of the feeding arm 
in radian measure, Y the feeding distance and 
resulting torsion. Thereby, it expresses the ratio the tube 
must be overtwisted during the feeding movement to 
form a given torsion.  
A comprehensive investigation of the process 
behavior throughout the entire parameter space has not 
been published yet. Furthermore, there is a lack of 
detailed examinations of the factors influencing the 
torsion. 
2. Development of a FE model for 3D-bending 
In the scope of this work, an advanced FE model has 
been newly developed in Abaqus 6.9EF1. The main 
characteristics are based on the model presented by 
Hagenah et al. [1]. Due to the more complex process 
state in 3-dimensional bending, a series of influences 
had to be considered which have not been covered yet in 
existing models. Additionally, the shapes of the die 
elements as well as the kinematic have been changed. 
2.1. Tool components & kinematics 
The components of the bending die were modeled 
according to the tool layout and the shape of the rolls of 
The kinematic has been adopted accordingly. The tools 
have been meshed with 50 discrete rigid elements 
around the circumference. They have been placed on 
cylinders which can be displaced by the process forces 
within the bending plane (see section 2.4). 
2.2. Characteristics of the semifinished product 
The tube has a length of 800 mm, an outer diameter 
of 20 mm and a wall thickness of 1.0 mm. The front and 
back end of the tube sections do not undergo relevant 
forming, but are needed to guarantee a smooth process 
behavior at the beginning and the end of the feeding. A 
section of 600 mm undergoes significant forming and 
thus is finely meshed by shell elements of the type S4R 
and a size of 2.0 x 2.0 mm. There are five integration 
points over the sheet thickness. The modeled material 
was regular carbon steel S235JR, formerly known as 
St37-2. The modulus of elasticity E = 210 GPa was 
taken from literature. The flow behavior was recorded in 
a uniaxial tension test according to the guidelines of 
YB / (1) 
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DIN EN ISO 6892:2007 and DIN EN ISO 1127:1996 
[9, 10]. This resulted in the yield strength of 
0 = 310 MPa and the flow curve pictured in Fig. 2. 
2.3. Friction behavior 
In 2-dimensional bending only rolling friction occurs 
whose influence on the forming can be neglected. When 
rotating the tube during the bending operation sliding 
friction appears in transversal direction between the tube 
In combination with the high 
contact pressure this leads to high reaction forces which 
have an impact on the degree of forming [11]. In the 
axial direction the friction is still low as the rolls are free 
to rotate. This leads to the need to consider direction 
dependent friction conditions. 
To allow a frictionless movement in axial direction 
the rolls are placed on cylinders with frictionless contact 
conditions. During the feeding the rolls are able to rotate 
freely. To describe the friction in tangential direction the 
Coulomb model was applied. The friction coefficient 
was taken according to the simulative optimization of 
Plettke et al. [11] and was set to μ = 0.25. 
2.4. Machine stiffness 
During the forming process reaction forces of up to 
6 kN occure. Although the displacement of the rolls is 
very small, ignoring it can cause in a significant change 
of the bending radius [1]. For a more precise simulation 
the stiffness of the rolls has been considered using 
connector elements which form a spring-damper system. 
To model the lateral displacement of the holding rolls a 
connector element was used each. Here, forces and 
displacements were marginal in feeding direction and 
were neglected. The bending roll and the setting roll 
were placed on two connector elements each to describe 
deflection in both lateral and feeding direction. The 
force-
machine was measured experimentally at every 
individual roll. The connector elements were configured 
according to the determined characteristic line. The 
enhanced process velocity in the simulation implicated 
jittering of the rolls so a damping factor minimizing the 
vibration was chosen.  
2.5. Evaluation procedure 
The simulations were solved by explicit calculation 
on Linux workstations with eight quadcore Xeon 
processors running with 2.93 GHz. An example of the 
resulting geometry can be seen in Fig. 3. 
To evaluate the geometry of the simulations the 
coordinates of the tube elements were exported. The 
middle line was calculated from the coordinates of the 
nodes on the extrados, the intrados, the inner and the 
outer edge. The data has been smoothed by calculating 
the arithmetic mean of the coordinates of five con-
secutive nodes to level numerical coarseness. As five 
elements denote a section length of 10 mm which is half 
of the tube diameter the loss of information was 
expected to be insignificant. The values of the local 
curvature  and torsion (t) were calculated discretely 
according to the procedure recommended by Plettke et 
al. [8] by the Frenet-Serret formulas: 
 
 
 
where t is the arc length and  r(t) is the vector of the 
corresponding point on the curve calculated from the 
origin. 
As a result the curvature and the torsion distributions 
of the bending geometry can be calculated (Fig. 4). The 
beginning and the end of the tube show an unsteady 
local forming. For further evaluation the section between 
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Fig. 3. Simulation result of bending process (C = 50°, U = 16 mm, 
 = 8.75 m-1) 
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Fig. 2. Flow curve of the used material S235JR 
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160 mm and 470 mm from the tip of the tube has been 
evaluated. To retrieve comparable values for every set of 
process parameters the mean values of the curvature and 
torsion distributions were calculated for the cropped 
sections. 
2.6. Precision considerations 
To estimate the numerical accuracy of the model the 
numerical influences had to be checked. First, the impact 
of the binary precision of the calculation according to 
the IEEE 754 standard was examined. The sampling 
point with the setting roll position C = 40°, U = 16 mm 
rotary velocity was 
 = 4.375 m-1. The simulation results were 
compared between a simulation run with single precision 
floating-point calculation (32 bit) and a double precision 
floating-point calculation (64 bit). In the first case, the 
bending radius was 136.3 mm. In the second case the 
radius decreased by 0.2 % to 136.0 mm. The computing 
time was 55 minutes and did not change noticeable 
which can be explained by the fact that 64-bit CPUs 
were used. 
The second factor examined was the element size. To 
estimate the influence the tube was meshed with 
different element sizes. In the first run, the edge length 
was 2.0 mm x 2.0 mm. In the second run it was 
1.0 mm x 1.0 mm. As sampling point the parameter 
combination was configured as mentioned above. In the 
first case, the radius amounted to 136.3 mm. In the 
second case the bending radius decreased by 1.4 % to 
134.4 mm. Due to the computation time which increased 
to 4.5 hours an element size of 2.0 x 2.0 mm was 
considered as sufficient. 
Regarding the selection of the element type Engel et 
al. showed that fully integrated volume elements of the 
type S4 led to a deviation of the bending radius of about 
0,46 % in contrast to shell elements of the type S4R [5]. 
Therefore, shell elements were considered as satis-
factory. 
3. Variant calculations 
For a deeper investigation of the forming behavior a 
numerical variant calculation using the developed model 
was carried out. A full-factorial design matrix was set up 
covering the majority of the usable parameter space [12]. 
For the setting roll nine positions have been selected 
which were known to result in representative bending 
radii. These setting roll positions were reached by three 
different inclinations of the bending arm to C = 30°, 
C = 40° and C = 50°. At each inclination angle the 
setting roll was removed U = 10 mm, U = 16 mm and 
U = 22 mm from the initial position where it had contact 
with the tube. These setting roll positions were com-
bined with five rotary speeds of the feeding arm which 
were B  = 0 m-1, 2.19 m-1, 4.38 m-1, 8.75 m-1 and 
17.5 m-1. The unit m-1 results from the rotation of the 
feeding arm in radian measure per feeding distance 
measured in meter. This led to a design matrix with an 
overall number of 45 sampling points. The calculations 
were computed as described before (see section 2.5). 
4. Results 
4.1. Impact of feeding arm rotation on curvature 
The conducted investigations show the following 
results. As pictured in Fig. 5, the curvature was 2.47 m-1 
to 11.77 m-1 (r = 85 mm to 417 mm). The curvature 
values remained roughly constant so the impact of the 
rotation on the curvature was rather low. A clear 
dependency on the rotary velocity could not be shown. 
For slight curvatures up to 6 m-1, an increase of the 
curvature is observable for larger feeding arm rotations. 
This effect does not occur for higher curvatures. There a 
minor decrease is seen up to moderate rotations followed 
by an increase for higher rotary velocities. The minima 
are not located at the same position and can be between 
 = 2.19 m-1 and 8.75 m-1. No regularity can be 
noticed in the shift of the minima. The maximum 
deviation of the curvature between the sampling point 
without rotation and the one with the highest rotation 
occurs at the setting roll position U = 22 mm, C = 30°. 
There, the curvature rises by 37.5 % from 2.4 m-1 to 
3.3 m-1. The lowest deviation is observed at the setting 
roll position at U = 16 mm, C = 50° where the highest 
curvature value exceeds the lowest one at 
 = 8.75 m-1 by 2 %. 
4.2. Impact of feeding arm rotation on torsion 
The rotary velocities of 0 m-1 to 17.5 m-1 have been 
investigated (Fig. 6). For bending operations without any 
feeding arm rotation, plane bends without any torsion 
are formed, expectedly. A combination of the feeding 
Fig. 4. Curvature and torsion distribution 
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movement with a rotation of the feeding arm leads to 
torsion values up to 17.1 m-1. A predominantly linear 
relation can be seen as the torsion rises strictly 
monotonic in accordance with the rotation of the feeding 
arm. The behavior deviates slightly at the different 
setting roll positions. 
For a deeper investigation of this relationship the 
ratio of the rotation to the torsion was analyzed. As 
characteristic value the torsion adjustment coefficient  
was used (see section 1.). 
4.3. Impact of feeding arm rotation on torsion 
adjustment coefficient  
The torsion adjustment coefficient  serves as a value 
for the effectiveness of the feeding arm rotation. It 
expresses the degree the tube must be overtwisted to 
realize a given torsion of the tube. A high torsion 
adjustment coefficient symbolizes an ineffective 
torsional shaping. If  = 1 the resulting torsion is 
equivalent to the rotation during the forming process.  
Fig. 7 shows the distribution of the torsion adjustment 
coefficient for the investigated setting roll positions and 
feeding arm rotations. The torsion adjustment coefficient 
usually reaches values between  = 1.0 and 1.8 but can 
decrease to  = 
can be even stronger than the rotation induced by the 
feeding arm. Moreover, it can be seen that the torsion 
adjustment coefficient highly depends on the setting roll 
position for low feeding arm rotations. At a rotary 
velocity of  = 2.19 m-1 the highest value, 1.82, is 
more than twice than the lowest value, 0.85. As the 
feeding arm rotation increases the torsion adjustment 
coefficients assimilate in the region of  = 1.17 ± 0.15.  
4.4. Correlation of curvature and torsion adjustment 
coefficient  
Furthermore, Fig. 8 shows that the torsion adjustment 
coefficient not only changes for different setting roll 
positions, but correlates with the arising curvature. An 
increasing curvature demands for higher feeding arm 
rotations to form an equivalent torsion. This effect does 
Fig. 6. Torsion of different rotary velocities of the feeding arm 
Fig. 7. Torsion adjustment coefficient depending on rotary 
velocities of the feeding arm 
Fig. 5. Curvature of different rotary velocities of the feeding arm 
Fig. 8. Torsion adjustment coefficient depending on curvature 
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not occur as long as the setting roll is not moved. In this 
case, there is no uniform trend observable. But for 
different setting roll position, resulting in rising 
curvatures, the torsion adjustment coefficient shows a 
tendency to increase likewise. The setting roll position 
U = 22 mm, C = 30°, leading to the lowest curvatures 
about  = 2.4 m-1 to 3.3 m-1, requires a torsion 
adjustment coefficient between  = 0.85 and 1.12. The 
setting roll position U = 10 mm, C = 50° where the 
curvature is between 10.9 m-1 and 11.7 m-1 demands for 
torsion adjustment coefficients from 1.33 to 1.82. The 
span between the lowest and the highest value, excluded 
the sampling points without feeding arm rotation, is 
~25 % of the lowest torsion adjustment coefficient at all 
of the investigated setting roll positions. 
5. Interpretation 
After a careful consideration some basic insights can 
be deduced. First, the rotation of the feeding arm 
determines the resulting torsion of the tube decisively. 
An increase of the fe
strictly monotonic increase of the torsion. Further on, 
secondary influences on the torsion are the position of 
the setting roll as well as the friction conditions [11]. 
The setting roll position determines the curvature of 
the bending geometry as well as the length of the 
forming zone and thus has a high effect on the shaping 
of the torsion as well. The curvature is slightly 
influenced by the feeding arm rotation but the impact 
depends on the degree of rotation as well as on the 
setting roll position. A clear trend cannot be observed. In 
general, the torsion adjustment coefficient increases with 
larger curvatures. Unfortunately it seems not to be 
constant for the individual setting roll positions. 
Additionally, the difference between the lowest and the 
highest value observed rises when curvature increases.  
This makes it necessary to determine a characteristic 
map within a 5-dimensional parameter space having 
three input parameters  and two output 
parameters , ) to describe the process behavior 
entirely. For a rough guess the torsion adjustment 
coefficient can be assumed to be constant on every 
setting roll position to allow a quick process design in 
industrial application. 
6. Summary and outlook 
In the scope of this paper a FE model of the three-
roll-push-bending process has been presented. It is 
capable to predict the resulting bending geometry in 
terms of the curvature and the torsion. In particular, 3-
dimensional bends have been investigated by numerical 
simulations throughout the entire relevant parameter 
space. 
The key process variable is the rotation angle of the 
feeding arm in relation to the feeding distance proceeded 
simultaneously. To gain a deeper understanding the 
process behavior was examined using a characteristic 
value called the torsion adjustment coefficient which 
the feeding movement and the resulting torsion of the 
tube. The values of the torsion adjustment coefficient 
have been between 0.85 and 1.8 but have not shown a 
uniform trend. The occurrence of the torsion highly 
depends on the position of the tool elements. 
In future work, further determining factors on the 
resulting torsion, as there are the roll geometry and the 
material properties, should be investigated more deeply. 
A method for an efficient determination of characteristic 
maps should be established to enable a precise process 
design for complex 3-dimensional geometries. Further-
more, the process boundaries should be examined, as 
well as methods and possibilities for their expansion. 
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